Abstract Tune series of North Sea cod, herring and zooplankton indicated a peak in biological production in the northern North Sea in the late 1960s and early 1970s. An increased recruitment of cod corresponded with high and increasing rates of fishing mortality. During the same time, the Buchan herring increased in abundance under stable fishing mortality. A synthetic analysis of CPR Area C2 'total Calanus' and 'Paracalanus/Pseudocalanus (PP)' reflected a declining abundance in the early 1970s. An analytic analysis of time series enabled the identification of large and small year classes of Calanus and PP. Large year classes of cod appeared to require large year classes of either PP or Calanus, but not both. Large year classes of cod appeared to be more associated with large year classes of PP rather than large year classes of Calanus. Simultaneous large year classes of PP and Calanus rarely occurred. A large year class of either Calanus or PP appeared to be required to produce a large year class of cod. However, the presence of a large year class of Calanus or PP did not guarantee a large year class of cod. The biological changes in the North Sea appeared to be coupled with a difficult to define climate signal involving changes in the windfield, deep convection in the north Atlantic, the great salinity anomaly, and changes in the vertical structure of the ocean off Bermuda.
Introduction
Century-to decadal-scale records of fish-stock abundance are characterized by multidecadal fluctuations (see, for example, Cushing, 1982; Rothschild, 1995) which have existed before the advent of industrialized fishing (Cushing, 1988) . These fluctuations must have been caused either by naturally induced changes in biological productivity or changes in the pathways that convert primary productivity into fish-stock biomass. After the advent of industrialized fishing, the multidecadal fluctuations in fish-stock abundance continue to be evident. This suggests that the contemporary fluctuations are naturally induced environmental changes interacting with the effects of fishing. Ascribing variability to both fishing and the environment is somewhat different than an approach that generally ascribes declines in stock abundance to overfishing without taking serious account of probable environmental effects.
Under the scenario of interacting environmental and fishing-induced variability at high levels of productivity, the dynamics of fish-stock abundance become uncoupled from fishing mortality, giving the appearance of a population explosion (e.g. the gadoid outburst). On the other hand, when productivity declines, the effects of slowly changing nominal fishing effort [for the distinction between nominal and true fishing efforts, see Rothschild (1977) ] appear as sharp increases in fishing mortality. These increases are, in a sense, the result of stock decline, and not necessarily its cause.
This paper presents a specific example where it appears that a multidecadal increase in the 'productivity' of the North Sea indexed by large year classes of both Calanus and Paracalanus/Pseudocalanus (PP) evidently caused the cod population, other gadoid species and the Buchan stock of herring to become uncoupled from the effects of fishing. The subsequent sections of the paper discuss the increase in cod abundance, and the concomitant increase in the Buchan stock of herring and plankton.
The increase in cod abundance
The time series of cod abundance in the North Sea reflects increases in the early 1960s. These increases were accompanied by increases in the abundance of other gadoid fishes (the saithe, whiting and haddock). The increase in the abundance of the gadoid fishes has been called the 'gadoid outburst' (Cushing, 1984) .
The fluctuations in the abundance of the North Sea cod are placed in perspective in a recent analysis by Daan et al. (1994) . They report stock size (since 1900) and recruitment (since 1954) . Their time series are given in Figure 1 (their Figure  8) . Figure 1 shows that the catches have been more or less level at -100 000 tons for the first 60 years of the century. In the 1960s, the catches increased sharply, reaching a plateau of 200 000 tons in the 1970s and early 1980s, and then began to decline. The increase and subsequent decline paralleled the total stock biomass (TSB).
It is particularly remarkable that the increase (and subsequent decline) of the stock occurred in the presence of increasing fishing mortality: from F = 0.3 in the 1950s to F = 1.0 in the 1990s. Since the fishable stock is recruited at an age of 2 years, it is not surprising to nnd that the changes in biomass parallel the changes in recruitment. The magnitude of recruitment [again, from Daan et al. (1994) ] is plotted in Figure 2 .
In viewing time series such as recruitment where individual time series appear to have a skewed distribution and there is high inherent variability, it is often desirable to smooth the data. The smoothed recruitment time series using second, fourth, sixth and eighth order median filter are shown in Figure 3 . Contrary to some reports in the literature, the filtered data clearly show a dome in average recruitment, rising from a relatively low level in 1954 to a peak in 1970 and 1980, and then declining. (It is interesting that the second and fourth order filters integrate or 'smooth out' biennial and quadrennial variability. It is this smoothed variability that might be perceived by an organism such as an older cod that might be a predator on younger cod.)
The interpretation of the influence of natural factors on abundance often depends upon the dynamical changes in fishing mortality [see the discussion by Rothschild (1994 Rothschild ( ,1995 ]. The cod stock in the North Sea has evidenced continually increasing fishing mortality for one half-century. The recruitment and fishing mortality data are plotted in juxtaposition in Figure 4 . the changing recruitment and stock size. A production model might suggest that at the beginning of the time series segment-in this case, 1954-the stock biomass would be at a peak and, as increasing fishing mortality is applied to the stock, the stock would decline, while its productivity would increase and then decrease. The difference between the cod data and the standard interpretation is that the increases in fishing mortality resulted in stock increases rather than decreases. We can examine, to some degree, the causes of the increase from 1955 to 1975/1980 and the subsequent decline. Daan et al. (1994: Figure 7 ) imply that the SSB/R may have been -1.5 when fishing mortality was about F= 0.4 at the beginning of the time series. However, as fishing mortality increased to F = 0.6 or 0.7, the SSB/R declined to -0.5. So, as the spawning stock declined by a factor of three, the recruitment from these spawners increased by a factor of six or seven.
This implies that one-third the number of spawners produced seven times more recruits. This is an increase in survival rate by a factor of -20. [The magnitude of a 7-fold increase in the number of recruits can be assessed from Beyer (1989) .]
Concomitant increase in herring abundance
The time series of herring abundance is taken directly from Burd (1978) (Figure  5 ). The main point [see the discussion in Rothschild (1994 Rothschild ( , 1995 ] is that the dominant stock of herring in the North Sea, the Buchan stock, increased at about the same time as the gadoid outburst. This is contrary to some reports in the literature that suggest an inverse relationship between the abundance of North Sea cod and herring. The concomitant increase in cod and herring in the absence of increasing and constant fishing mortality, respectively, again points toward an increase in productivity in the sense indicated in the Introduction to this paper.
Plankton abundance
A complete analysis of North Sea plankton is obviously beyond the scope of this paper. However, in order to begin to understand the problem, we consider in some detail the CPR time series of plankton from Area C2 in the North Sea ( Figure 6 ). This statistical area was chosen because it contains the most complete CPR record for any North Sea CPR statistical area, and it intersects important sectors in the range of the cod and the Buchan stock of herring. The distribution of cod over the North Sea is related to surveys that have been prosecuted for relatively short time periods. Henderson (1961) reports on the distribution of cod larvae from 1948 to 1956 based on CPR data. The distribution is mostly in the southeast and northeast North Sea. The northeast distribution is almost coincident with C2. Note that the time period was before the increase in abundance of cod in the late 1950s. Brander (1992: Figure 11 ) reports the distribution of pelagic zero group cod for the period 1974-1983. The cod are widespread over much of the North Sea at least north of 54/55°N. The highest concentrations tend to be in the eastern North Sea. The C2 region is bounded by 58 and 55 N and S, and by the coastline of the UK and 2.5°E longitude. So in the 1974-1983 (coincides with the years of peak cod abundance) period, important concentrations of cod were both inside and outside C2. Heessen and Daan (1994) give the distribution of age 1 through 4 cod in the North Sea. Their data are from 1983 to 1987, after the abundance of cod has reached its peak. The distribution of age 1 cod seems most relevant. The distributions of age 1 and 2 cod intersect with the C2 area and along the continental coast. However, the intersection of cod distribution with the Calanus-hch northeastern North Sea does not occur to age 2. Accordingly, the distribution of larvae is pre-peak abundance, the distribution of pelagic stage cod is during the peak abundance, and the distribution of older cod is past peak abundance. Without additional information, it appears that there are important intersections between the abundance of cod and the CZ areas, but that these may change in the course of time. With regard to the Buchan herring, the distribution picture seems simple in that the CZ area must be an important area where adult herring feed. In addition, some feeding of very young herring must take place in CZ before the young fish drift to the eastern North Sea nursery grounds (see Corten and van de Kamp, 1992) . We consider only the total Calanus and the PP data sets. These are available for 540 months from 1948 to 1980. The time series are plotted in two ways. In the first, we have a conventional time-series plot (Figure 7) . In the second, we have plotted the abundance for each year (Figure 8a and b) . Figures 7, 8a and 8b contrast two different ways of thinking about time series. In the first, we are concerned with the overall trend and reoccurring patterns. In the second, we are concerned with how each year differs from every other year.
A synthetic time-series analysis can be used to estimate an average pattern representative of all years, while an analytic time-series analysis can be used to identify the differences among years.
Synthetic analysis of the C2 plankton data
The most typical synthetic analysis of time series data is the ARIMA methodology first developed by Box and Jenkins. In this methodology, an ARIMAfamily model is identified and then its parameters are estimated. The model implies that several adjacent data points exhibit 'many' relatively short repetitive patterns during the length of the entire time series. The reason that the analysis is called synthetic is because an 'average' of several adjacent points is taken to represent the entire time series.
Of course, for an ARIMA analysis to be useful, a repetitive AR, MA or ARIMA pattern must exist in the data. In order to accomplish such an analysis, several conditions should be either met or approximated. These include stationarity in the mean and variance, and an approximately Gaussian error term distribution.
Inspection of Figure 7 shows that there appear to be trends in both the mean and variance, and that the error terms appear to be asymmetrical. In actuality, detrending the data has very little effect owing to the asymmetric error term. Because of the obvious difference between the earlier parts and the later parts of the time series, and in an attempt to minimize violations of the assumptions, the series was partitioned into earlier months (1-276) and later months (264-540) components. The results are tabulated in Table I . The essential point in Table I is that even with the partitioned time series and transformed data, the r 2 values are very low, suggesting that repetitive patterns do not exist over the whole length of either the partitioned time series or the entire time series, except those that relate to the typical annual periodicity.
The analysis at this point suggests examining two other aspects from the analytic point of view. These include a closer examination of the trends and the covariance among data points.
As suggested above, the detrending calculations obscure the declining integrated abundance of the zooplankton. To focus on this problem, we use, again, the median filter. The results for orders 2,6,12 and 24 are shown in Figures 9 and 10. The order 2 smoothing removes the high-frequency variation which might be related to sampling variability. The order 6 filter gives a perhaps better elimination of noise. In addition to filtering noise, the order 2 and order 6 filters reflect 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 " 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1980 1981 1976 1977 1978 1979 1986 variability that might be perceived by larvae and postlarvae. The order 12 and order 24 filters give a better view of the annual and biennial variation that might be perceived by juvenile and pre-recruit fish.
A
Regarding Calanus, the results of the filtering operation reflect, among other things, that Calanus was at an essentially relatively low level of abundance from 1946 through 1949. Abundance increased sharply in 1950 and remained high until 1970. It is interesting to put the data in the perspective of the Flamborough-line data set (Cushing, 1966) . In that data set, the abundance of Calanus in the 1930s was about a third of the Calanus abundance in the 1950s and early 1960s. The data taken together suggest that there was a peak Calanus period in the North Sea from about 1950 to 1970 . From 1971 to 1976 , Calanus remained at a relatively low level. After 1976, the Calanus population tended to increase. Thus, the Flamborough-line data also point to a peak abundance in the 1950s-1960s.
Regarding PP, the median filtered abundance values were relatively high until the early 1960s (1963). The decline, however, was less abrupt than in the Calanus time series, except for the fact that there was a sharp decline in abundance from 1981,1982 and 1983 . Thus, both Calanus and PP exhibited a multidecadal peak in abundance at about the same time. The peak levels, however, declined at different rates.
It is interesting to see the interrelationships in the decline in abundance of Calanus and PP with the temporal covariance. These are plotted in Figure lla and b. There is no less than annual short-term pattern in Calanus. However, for the earliest part of the series, there is, as might be expected, a distinct annual periodicity. It is of particular interest to observe that this periodicity is lost in the latter part of the series. By comparison, PP also reflects a strong annual component in the early part of the time series. However, the variance associated with this component declines sharply as the population size declines much as in Calanus. The distinctions between the Calanus and the PP series are that the peaks are much less sharp than in Calanus, and that periodicity is maintained over the entire time series. The more diffuse peaks in the PP data might be due to the mixture of species.
Analytic analysis of the C2 time series
In the analytic analysis, in contrast to the synthetic analysis, we are not looking for a single pattern to represent all adjacent data points. Rather, we are interested in identifying and distinguishing among differences repetitive in annual patterns (by an annual pattern, we mean the abundance for each month within each year) among years.
In order to identify patterns, a cluster analysis was performed to determine which annual patterns were similar and which annual patterns were different. The clustering procedure was constrained to partition the years into k separate clusters. The results are shown in Tables II and III 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 example, the 1947 Calanus pattern: it remains in the first cluster through all successive partitionings. In contrast, 1964 starts out in the first cluster, shifts to the third and eventually to the tenth.
With regard to Calanus, the patterns are established at relatively low values of k and then tend to be maintained. In contrast, in PP the partitioning process is most evident in the first half of the series. 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 
In Table IVa and b, we have tabulated the mean monthly values under the k = 10 clustering scheme. These values are plotted in Figure 12a and b. Examining both figures jointly shows that cluster pattern 1 is 'typical'. The abundances for both species groups are quite low. In terms of integrated annual value, the typical year biomass is -25% that of a typical year. Further analysis might reflect S  Table IVa . Characteristics of Calanus annual series clusters using K-means clustering with K = 10 Feb. Year class strengths of zooplankton and fish abundance interannual mortality rates. It is interesting to note that for both species the distribution tends to be bimodal. Because the role of timing is considered important in Calanus, the modal abundance is typically in May and September. The typical abundance of PP peaks in May and August. As can be seen from Table IVa and b, particular clusters reflect earlier and later peaks. These tables can be used to study the intra-annual timing of plankton production.
Taken together, the analytic analysis of both Calanus and PP suggests that these species exhibit 'normal year classes' and 'large year classes'. The normal year classes can be considered as belonging to cluster pattern 1, while the large year classes are reflected in cluster pattern 2-10. Put another way, the large year classes of Calanus and PP can be identified from Tables II and III by whether they belong to cluster pattern 1 (normal year class) or to cluster 2-10 (large year class).
Discussion and conclusions
The time-series analyses point toward a distinct change in productivity in the North Sea signaled by relatively high levels of abundance of PP in the late 1950s, and of Calanus, cod, the Buchan herring and other gadoid fish in the early 1960s. 1948,49,54,55,58,59. 61,62,65,67,68,69, 71,72,73,74,75,76, 77, 80, 82, 83, 84, 86, 87, 88, 89, 90 1950,51,60 1946, 78,79 1981,85 1952,66 1957,63 1947 1970 1953,56 1964 The above observation raises the question of how, and if at all, these species are dynamically coupled. A more traditional analysis would examine the temporal correlations among the species or species groups. A failure of correlation among either the species or between the species and some environmental variable would suggest that there is no coupling among the species groups, or between the species groups and the environmental variables. However, just the opposite may be true. This can be seen in the dynamics suggested in Figure 13 . In Figure 13 , the standardized detrended dynamics of each species or species group are depicted. If the trajectories of each group are considered as individual yet possibly coupled dynamic processes, then the issue of whether or not these processes are linearly correlated may not be important in revealing a relationship. Figure 13 suggests questions such as: are the multi-annual dynamics of each species or species group depicted in Figure 13 independent of one another or are they coupled? If the dynamics are coupled, what are the mechanisms? Did, for example, the relatively high cod and consequently high biomass of adult cod cause the decline of the Buchan stock of herring? Or, did the decline in Calanus in the early 1960s cause the decline of the Buchan herring stock? Or, was there some physical dynamics that drives the dynamic behavior of the cod, the herring and the zooplankton, which act independently of one another, but are responding only to the physical setting? These are the questions necessary to begin to write the dynamical equations for P, C, c, //(where P, C, c and H are PP, cod, Calanus and herring, respectively).
Clearly, a greater understanding is needed of the ecosystem dynamics of the northern North Sea. In improving such understanding, the analytic time-series analyses lend insights into the form that might be considered for the development of dynamic equations. In the analytic analysis, comparing the temporal occurrence of large and small year classes of cod, Calanus and PP reflects what is perhaps a new set of assumptions which can be used to develop the multispecies dynamical model. This comparison is facilitated by Figure 14 , which shows that:
1. Large year classes of cod generally require large year classes of either PP or
Calanus. This is contrary to some papers in the literature that imply cod recruitment is only dependent on Calanus. of zooplankton (the last column in Tables II and III) , we see that before the increased recruitment in 1963, both species of zooplankton were relatively abundant. This leaves us with the notion that before the increase in cod, either (i) abundant zooplankton populations did not result in large year classes of cod or (ii) the reason that the zooplankton populations were large was because the relatively low abundances of cod, gadoid fishes and herring were not sufficient to 'regulate' the abundance of zooplankton. If such regulation indeed exists, then there must be a relatively close coupling between the zooplankton and fish stocks.
The simplest explanation then of the increased abundance of cod during the 1960s and 1970s which occurred under increasing fishing mortality is that a few large year classes of cod arose as a result of chance events. These large year classes produced populations of larvae that were sufficiently abundant to exploit the plankton patches efficiently, resulting in a much higher survival in the cod larvae and thus resulting in large year classes.
While the exact nature of the physical setting or, more precisely, how it is coupled with the productivity dynamics of the North Sea, is uncertain, there are several papers that suggest large-scale changes in the North Atlantic at about the time that the cod stocks were at an elevated level of abundance. These include changes in the windfield (Dickson and Brander, 1994) , changes in the Atlantic inflow to the North Sea (Svendsen and Magnusson, 1992) , the great salinity anomaly (Dickson et al., 1988) , reductions in deep convection (Meincke et al., 1992) and seemingly abrupt changes in the vertical structure as far south as Bermuda (Jenkins and Goldman, 1985) .
